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ABSTRACT 

The intrinsic efficiencies of spherical Nal(Tl) detectors are considered with respect to 
the efficiencies of cylindrical Nal(Tl) detectors. A simple method of calculating the intrinsic 
efficiencies of spherical detectors is presented. It is shown that the problems introduced by 
the dependence of detection efficiency on the angular distribution of the incident gamma- 
ray flux for cylindrical detectors can either be eliminated or greatly reduced by the use of 
spherical detectors. 
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INTRINSIC EFFICIENCIES OF SP4ERICAL Nal(Tl) DETECTORS 


by 

J. I. Trombka 

Goddard Space Flight Center 


1 . Introduction 

A number of experiment employing Nal(Tl) detectors have been flown and are 
planned for future flights In many of the experiments under consideration, a knowledge of 
the differential-energy photon spectrum is required. One measures the so-called pulse-height 
spectrum, which characterizes the interaction between the incident gamma-ray flux and the 
detector. There is not a one-to-one correspondence between the pulse-height and photon 
spectrum, but methods have been developed to infer the photon spectrum from the pulse- 
height spectrum 1-4 ). In order to perform this analysis, the response functions and intrinsic 
efficiencies as functions of energy for the detection system must be known. Both functions 
depend on the angular distribution of the incident photon flux. The effects of this depend- 
ence can be greatly minimized and, in certain cases, can be completely eliminated if spherical 
detectors are used. Many problems in space flight gamma-ray spectroscopy involve the 
measurement of spectra wherein the angular distribution is completely unknown. Thus, it is 
extremely important that the effect of the angular distribution on the shape of the measured 
pulse height be minimized or eliminated. 
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The intrinsic detection efficiency for the detector system can be used to study the 
nature of the effects on the angular distribution of the incident evident flux and to show 
how these effects can be minimized with the use of spherical detectors. 

2. Construction of a spherical detector 

Because a spherical detector configuration is uncommon, let us briefly consider the 
construction of a spherical detector. Fig. 1 shows the design of a spherical detector. The 
crystal is connected to the front surface of the photomultiplier tube by a lucite light pipe. 
The energy resolution obtained with the spherical detector may not be quite so good as that 
obtained with a cylindrical detector, because of the possible light loss due to the increase in 
the number of optical connections. 

3. Intrinsic detector efficiencies 

Various types of detection efficiencies are defined in this section. It must be remem- 
bered that only one pulse appears at the output of the photomultiplier tube for each gamma 
ray that interacts with the crystal. Fig. 2 shows a measured pulse-height distribution for the 
0.835-MeV line of 54 Mn interacting with a 3" X 3" Nal(Tl) detector. The number of pulses 
produced, independent of pulse height and notwithstanding the effects of scattering from 
the surrounding media, will be equal to the number of primary collisions in the crystal. The 
total area A T under a pulse-height spectrum, with scattering effects ignored, is equal to the 
total number of primary collisions 5 ). 

Let us now consider a point-source emitter of monoenergetic gamma rays for the 
following two cases: (a) a cylindrical detector and (b) a spherical detector (fig. 3). Then 

Aj- I Q (£l/4ir)(e Tj ) , (1) 
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where 


I Q is the intensity of the source; 

is the fraction of solid angle subtended by the source and detector; 
e Ti is the intrinsic efficiency of the detector. This is the probability that, if a gamma ray 
strikes the crystal, it will interact with the crystal. 

If any interaction in which a gamma ray produces a scintillation in the crystal is con- 
sidered an absorption interaction, then the linear absorption coefficient p can be defined as 
the probability that a gamma ray will undergo an absorption interaction along the path 
length p in the absorbing medium. The principal absorption interactions are ( 1 ) photo- 
electric absorption, (2) Compton scattering, and (3) pair production. The total absolute 
intrinsic efficiency e Ta can then be defined as 

e y = J {1 - exp (-pp)}</£2/ 4 tt . (2) 

This is the probability that a gamma ray emitted from the source will interact at least once 
with the crystal. The total intrinsic efficiency e Tj can be defined in terms of e Ta as 

\J dQM. (3) 

over n ' 

The total intrinsic efficiency is thus related to the angular distribution of the incident flux, 
as shown in eq. (3). It is this property that we wish to study. As a first step, we study e Ti 
as a function of the energy and distance of a point source from the top of the detector. 
Values of e Ta as a function of source-crystal geometry for right cylindrical crystals and 
beveled right cylindrical crystals have been calculated 6-8 ). In the following, we will develop 
a simple numerical method for solving eq. (3) for spherical detectors. From fig. 3b, 
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( 4 ) 


Let 


n/47T = '/:( 1 - cos 0 max ) . 
0 = h + a , 


(5) 


where h is the height above the crystal and a is the crystal radius, and 


Then eq. (4) becomes 


p = 2 (a 1 - 0 2 sin 2 0)' /i . 
Sl/4ir = Vi[\ -{(0 2 -</ 2 )/0 2 }*]. 


( 6 ) 


(4a) 


Now, let h ~ ma, that is, the height from the top of the crystal will be measured in units of 
the radius a. Eq. (4a) now becomes 

J2/4t r = Vi[ 1 - {1 - l/(m + 1 J 2 }*] . (4b) 

We now define 

7 2 = {1 - 1 Km + 1 ) 2 } (7) 


and d = 2a, the crystal diameter. With these definitions, the intrinsic efficiency can be 
written as 

*77*1/0-7) f M exp (-MP)l 1 “(t 2 + p 2 /c/ 2 (m + 1 ) 2 } yi )c/p . (8) 

Jo 

An exact solution can be found for m = 0 and m the latter case is the parallel 
beam solution. For m = 0, 


€ no = J 0 v ex P 1 " pIWp 

= 1 - {1 - exp (-pd)}lpd . 


( 9 ) 
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For m o°. 


e r/« = f M exp 1 " P 2 /d 2 )dp 

= 1 - 2{l - exp (-pd)}lipd) 2 + 2 exp (-pd)/pd . (10) 

For the other cases, the definite integral cannot be evaluated. Consicie i following 
factor in the integral of eq. (8): 

F m = {1 /( 1 - 7)}| I -b 2 + P 2 /</ 2 (m + 1 j 2 }*! . (11) 

For a good approximation, it has been found that 

( 12 ) 

/«0 

The values of a lm can be found for various values of m and pld. These results are independ- 
ent of the crystal diameter d and the type of material (i.e.. the linear absorption coefficient). 
Some results of the a lm calculation are shown in table 1. 

Substitution of eq. ( 2) in eq. (8) and use of the definition 

/ 0 = {1 - exp {-pdj) 

yield 

/„ = ( nl n - 1 )/pd - exp (-pd) ( I - . 


for n > 0. 

Equation (8), after integration, reduces to 

c n s S fl /i»//* d*) 

/* o 
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Values of a lm for various values of m (the relative height as a multiple of crystal radius) and 
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Calculations were carried out for spherical Nal(TI) detectors 3.44 in. in diameter. The 
3.44-in. sphere had the same volume as a 3" X 3" right cylindrical Nal(TI) detector. 

4. Comparison of cylindrical and spherical detectors 

As was mentioned above, the variations of the intrinsic efficiency as a function of the 
angular distribution of the incident flux can be studied by considering the variations in e Tj 
as a function of the distance to a point source along the axis and above a cylindrical crystal, 
a beveled cylindrical detecto», and a spherical crystal. A cylindrical NaKTl) detector, 3 in. 
high and 3 in. in diameter, is compared with spherical Nal(Tl) detector, 3.44 in. in diam- 
eter. The two detectors have the same active volume. Fig. 4 shows the results obtained 
when an incident beam of 2.04-MeV gamma rays is used. Table 2 is a compilation of values 
of e Tj for a 3.44-in.-diameter spherical crystal as a function of energy and source-to-crystal 
distance. From fig. 4 and table 2 it can be seen that, after the source has been moved to 
distances greater than one-half the diameter of the sphere, the efficiency is within 5 percent 
of the parallel-beam case. If we consider the 3” X 3" right cylinder, the intrinsic efficiency 
at 70 cm is still 7 percent less than the parallel-beam case. In fact, it is not until the point 
source is 1 00 cm or farther from the surface of the right cylinder along the axis of the 
cylinder that the efficiency is within 5 percent of the parallel-beam case. The short path 
lengths that are due to the edges of the right cylinder detector greatly influence the varia- 
tions in the intrinsic efficiency. When the point source is on the top of the crystal, one does 
not, in a sense, “see” the short paths at the comers of the cylinder. As the point moves 
away from the top of the cylinder, one sees the short paths at the corners of the cylinder, 
and the intrinsic efficiencies decrease to some minimum value. When these comers become 
less significant as the paths move further from the top of the crystal, the efficiency starts 
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Intrinsic efficiencies as functions of energy and distance for a sphere 3.44 in. in diameter. 
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increasing. When the distance to the point source approaches infinity, the parallel beam 
cases, the corner effects are completely eliminated. 

The extent of this corner effect can be shown by calculation of the intrinsic efficiency 
as a function of distance from the top of a beveled cylindrical crystal for which some of the 
edge effects have been removed. The results of this calculation are also shown in fig. 4. The 
intrinsic efficiencies do not decrease as fast for small source-to-detector distances as they do 
for the right cylindrical crystal, and they start to approach the parallel-beam case with the 
point source closer to the top of the crystal than is the case with the right cylindrical crystal. 
The distance required to approach the parallel-beam case is still much greater than is the 
case with the spherical crystal. 

We now look at the case of isotropic fluxes. It may be assumed that an isotropic flux 
can be simulated by calculating the intrinsic efficiencies for a parallel beam and integrating 
over all possible angles of incident flux. For the spherical crystal, the parallel-beam intrinsic 
efficiency is independent of the angle of incidence. Thus, the isotropic flux and parallel- 
beam intrinsic efficiency are the same. 

We have not calculated the isotropic-flux intrinsic efficiency for a right cylindrical 
3" X 3" detector, but the intrinsic efficiencies as functions of energy have been calculated 
for a 3" X 3" crystal with a parallel beam of gamma rays incident on the surface for two 
cases: parallel to the crystal axis and perpendicular to the crystal axis. These efficiencies 
and the efficiencies calculated for the 3.44-in. spherical crystal are compand in fig. 5. The 
intrinsic efficiencies for the spherical crystal lies between those for the two cylindrical- 
crystal cases. The maximum e Ti for the cylindrical crystal occurs when the beam is parallel 
to the axis of the cylinder. The values of the intrinsic efficiencies when the beam is perpen- 
dicular to the axis are smaller than those for the spherical crystal which had the same volume. 
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These values may not be the minimum for the cylinder but they should be close to the 
minimum. Thus, the average obtained by integration over all possible angles of incidence 
would yield the intrinsic efficiency for the isotropic case and should lie somewhere between 
the two cases for cylindrical crystals shown in fig. 5. 

Experimental measurements have also been made with a 2-in. spherical crystal 9 ). The 
results of these measurements are consistent with those properties of spherical crystals 
described above. 

5. Summary 

The above arguments and calculations should indicate the strong dependence of the 
detection efficiencies for cylindrical crystals on the angular distribution of the incident 
gamma-ray flux. This dependence can be greatly minimized by the use of spherical crystals. 
Also, since the parallel-beam case and the isotropic-flux case are the same for spherical 
crystals, many properties of the spherical crystals (e.g., peak-to-.otal response functions) can 
be measured with parallei-beam geometry, a much easier experimental procedure. 

In space-flight applications, where one cannot precisely define the angular distribution 
of the incident gamma-ray flux, or in those cases where one is measuring isotropic distribu- 
tion, the spherical detector may be rather. useful. In fact, in these cases, because of the 
properties of spherical crystals, one can most easily infer the true photon spectrum from an 
analysis of the pulse-height spect" am. 
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Fig. 1. Construction of the 2" spherical detector. 
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Fig. 2. Pulse-height spectrum for 0.835-MeV line of 54 Mn interacting with an Nal (Tl) 
detector. 
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(b) 

Fig. 3. Source detector geometry for (a) cylindrical 
crystal and (b) spherical crystal. 
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Fig. 5. Intrinsic efficiency as a function of energy for a parallel beam incident on various crystals. 





